Abstract: We present time-resolved studies of the dielectric breakdown using tightly focused femtosecond (fs) laser pulses in glass. Axial evolution of the breakdown and material modifications have been retrieved over the time span from 0 to 1 ns with a 50 fs resolution and ∼ 1 μm spatial resolution using interferometric pump-probe technique. It is shown that even at pulse power slightly above critical P cr 1 MW/pulse, the filamentation was limited at tight focusing and the central focal region with resolidified glass was localised axially within ∼ 10 μm; it can be used for the waveguide recording. Mechanisms of light-matter interaction at tight focusing and application potential are discussed. The electron-ion scattering time, τ e−i
Introduction
Recently, we have demonstrated development of an interferometric pump-probe time-resolved imaging technique capable to characterize modifications in glass induced by fs-laser pulses [1] in the lateral cross section of the pulse propagation at the conditions close to the dielectric breakdown and with spatial resolution of ∼ 1 μm. Important and unseen axial evolution of the light-matter interaction and breakdown has not been observed so far at the focusing under oilimmersion conditions, i.e., when numerical aperture of the objective lens was NA > 1. Earlier studies of the filamentation and breakdown were carried out at less tight focusing for the sideview imaging [2] [3] [4] with length of single filaments in sub-millimeter range. The side-view of the laser pulse interaction in glasses and crystals has to be achieved with resolution of several micrometers in space and tens-of-fs in time in order to fully characterize sequence of the processes which initiate a long relaxation towards the final state when different outcomes are expected: permanent void formation, densification at the focus, or synthesis of new nano-materials via elemental separation in plasma [5, 6] . The high resolution space-time imaging is essential for characterization of the breakdown and filamentation at tight focussing and will guide development of the direct laser writing of waveguides [7] [8] [9] [10] [11] [12] [13] [14] and new compositions of glasses where engineering of their thermal response [15] at the focus would lead to self-occurring densification of the waveguiding region as observed in silica [16] . The established interferometric and shadowgraphy methods [17] [18] [19] [20] [21] [22] [23] [24] have to be adopted for investigation of light-matter (liquid and solid) interaction with the high spatial and temporal resolutions simultaneously.
Here we demonstrate time-resolved transient of the dielectric breakdown at tight focusing and at pulse power slightly above self-focusing threshold. The pump-probe method was applied to resolve amplitude and phase changes of interferograms obtained by a Michelson interferometer. The axial length of the modified region was only ∼ 9 μm and was only 4-5 times longer than the geometrical focal extension of the focus. The electron -ion scattering time was obtained using Drude model.
Experimental
The pump-probe (800 nm -400 nm) fs-laser setup for single-pulse measurements was described in our recent work [1] , where it was used to characterize the lateral view at the pre-breakdown conditions. Differently from that geometry, here, we implement the axial view approach schematically shown in Fig. 1(a) .
The interferometric detection part was the same as in the previous work and the actual setup is shown in Fig. 1(b) . The fast Fourier transform (FFT) and filtering procedures were the same as used earlier [1] . The resolution limit of the optical imaging part was 0.58 μm for the λ pr = 400 nm using an objective lens of numerical aperture NA = 0.42. The resolution limit of the image processing was r ip = 1/h = 0.94 μm defined by the cutoff frequency h of the Hann window W (ν) described by:
where ν c is the spatial frequency of interference fringes. Therefore, the resolution limit imposed by the image processing was slightly larger than the ideal diffraction-limited diameter of the pump pulse. Numerically retrieved amplitude and phase images via Fourier routine were analyzed. The phase maps of the axial view of the focal region are obtained with the highest spatial resolution so far. The focal spot was located at approximately 10 μm below surface inside a superwhite crown glass (B270, Schott). The amplitude data are also presented side by side with the phase, however, interpretation of the amplitude, which is proportional to the absorption coefficient, has ambiguity due to strong changes of absorption in solid and molten phases [22] . Hence, we discuss amplitude maps only qualitatively. Location of the geometrical focus has been determined at low pulse energies when small positive phase changes were induced and spherical aberration was negligible [25] since the immersion oil is matching the refractive index of crown glass, n 0 = 1.517. The waist at the focus is estimated as ω = 0.61λ /NA 0.39 μm which is a radius of the Airy disk pattern. The depth of focus -the double Rayleigh length 2z R = 2 πω 2 λ n 0 1.8 μm (at FWHM), where λ = 0.8 μm is the central wavelength of the laser pump pulse in air.
Pump pulse energy, E p , is given at the focus; the transmission of objective lens was directly measured. The threshold of self-focusing in glass is ∼ 1.8 MW [26] and is lower than in pure silica by a factor of two. The side imaging was carried out with 400 nm probe with NA = 0.42 objective lens. The smallest recognizable features were on the order of ∼ 1 μm and were slightly larger than the ideal diffraction limited focus of the pump pulse. Experiments were carried out at pump pulse energies E p = 10 − 1000 nJ to explore the breakdown and formation of void and densification. Pulse duration at the focus was optimized by pre-chirping in order to achieve the smallest energy of a recognizable modification. At such conditions the pulse duration is close to the spectral bandwidth-limited value of τ p = 45 ± 5 fs in air. Once the chirp was optimized for the pump, part of the same pulse was used to generate probe strobing pulse. Its duration has not been measured but from the observed spatial resolution of the fastest phase and amplitude change side-view images can be estimated to be ∼ 50 fs. Precision of the time delay in pump-probe measurements was Δt = ±10 fs determined by precision of the optical delay line.
Results and discussion
First, we present scenario of events which follow from phase images and are analyzed in details below. There are several distinct features discernable in time sequence of the phase images. Fast electronic excitation peaks toward the end of the pulse τ p = 50 fs, then the phase decrease due to recombination and diffusion ensues. Recombination delivers an efficient energy equilibration between electrons and ions/lattice in addition to the scattering. The fast nonlinear recombination Pulse energy E p (nJ) Fig. 3 . Transients of the on-axis phase (a) and amplitude ((b) as in Fig. 2 ) at the observation point z o , which is set at the location where the maximum phase change occurred during the entire observation time window; a negative shift on z-axis is measured from the center of the geometrical focus, z f . The location z o is where the void formation is expected and it is plotted in (c). Pulse energy E p is estimated at the focal region. Gray region in (c) shows expected change of the self-focusing length according to scaling
where self-focusing threshold was taken at power corresponding to the E cr = 50 nJ or P cr 1 MW/pulse.
(bimolecular and Auger) and the linear recombination (to a lower extent) triggers a build up of a thermo-elastic stress via volumetric expansion and lasts during 2-100 ps time span. Rarefied void-like structures are seeded after this time and release accumulated stress by formation of a free surface via cavitation. This launches pressure waves in the lateral direction; the lateral imaging is better suited to follow stress propagation due to a higher contrast as we demonstrated earlier [1] . On the longer time scale of 0.2 -1 ns, there were axial movement and reshaping of the void-regions as imaged by movement and reshaping of the phase pattern. Finally, voids and a densified center is formed after the end of all relaxation processes.
Phase maps of the focal region during excitation and relaxation
Detailed sequence of phase map evolutions is given in Fig. 2 . It shows cross sections of the axial transients and several selected phase maps. The length of the central filament is about 9 μm at its maximum and is longer about 4-5 times as the Rayleigh length at the used focusing. At the end of the all relaxation, t → ∞, there is an observable densified central region at the location of geometrical focus and rarefied regions in front and behind it. The voids are formed at those regions at high pulse energies. We set the point of observation of the phase changes at the point z o where the largest phase changes occurred during the entire time of relaxation. This is an expected location of voids and it was always in front of the geometrical focus z f due to self focusing. Figure 3(a) shows the phase changes followed in time at different pulse durations. The threshold of a detectable free electron plasma generation occurred at E p = 24 nJ under the used focusing conditions [1] . At E p = 35 nJ, a transient cavitation bubble was formed as observed in the lateral view [1] . The recognizable optical plasma emission -a spark -was observed at 50 nJ which is considered the dielectric breakdown threshold.
At the high laser pulse energy of E p = 300 nJ the first phase jump occurs within ∼50 fs, which is close to the pulse duration τ p = 45±5 fs. This fast positive phase change, Δφ +0.6π, is consistent with the ionization and a focus shift at the higher pulse energy is due to a stronger ionization rather than due to self focusing, which is limited at tight focusing; the critical power of self focusing is P cr 1 MW or E p = 50 nJ. The phase jump at smaller pulse energies was less steep corresponding to a different degree of ionization and the final electron concentration, n e . After the fastest possible to resolve ionization when the maximum phase change Δφ +0.5π is achieved, there is a recognizable decay region lasting ∼ 0.2 ps until a plateau is reached for the E p = 200 nJ pulses. A new growing feature in the phase is observed for the E p = 300 nJ pulse. The slope of this phase rise is γ = 1 (if plotted in a log-log presentation) signifying the linear mechanism and lasting for from ∼ 0.6 to almost 100 ps. This time span corresponds well to the build up of the thermo-elastic stress after the electron-lattice energy equilibration finishes within 2 − 5 ps. Since a lot of energy was deposited into the electronic sub-system, the equilibration together with recombination drives the phase even more positive due to heating. It is noteworthy, that the phase decay in the time window of 0.2 − 0.7 ps is close to the ∝ √ t indicating a diffusional character of the process. This could be a fast electron diffusion. Figure 3 (b) shows the amplitude maps at the same time windows as the phase (a). The fast amplitude change at the beginning of the pulse reflects absorption by free carriers followed by fast recombination (darker shade corresponds to the stronger absorption). The fast recombination causes heating and build up of thermal stress as discussed in the analysis of the phase maps. Since the absorption of glass is strongly dependent on its temperature and state (solid vs molten), the estimation of the absorption coefficient becomes complex and has not been carried out.
The clear rising feature after 100 ps in the case of E p = 300 nJ is attributable to the void formation at the point of observation (note, it was set at the location of the largest phase change). The Fig. 3(c) shows that the location of the void was not affected by self focusing, whose expected scaling with pulse energy is plotted in gray scale. The length of the modified region was larger as the Rayleigh length, 2z R at the employed focusing conditions, however, filamentation which is signature of self focusing [28] was not observed. This is consistent with absence of filamentation at tight focusing NA > 0.9. 
Estimations of plasma densities
The initial electronic excitation part responsible for the phase change, Δφ , (see the first step in Fig. 3 ) is directly related to the electron density via Δφ = ω 2cn c n e dx = 2πD, here n c = ε 0 m e ω 2 /e 2 = 1.71 × 10 21 cm −3 is the critical electron density at λ = 800 nm wavelength, ε 0 is a permittivity of the free space, e, m e is the electron charge and mass, respectively, ω = 2πc/λ is the cyclic light frequency, c is the speed of light in vacuum, and D is the ratio of the interference fringe shift in respect to the fringe period, Λ, i.e., for the shift equal Λ the corresponding phase is 2π and D = 1 [2] . The maximum free-carriers related jump of the phase was φ = 0.6π and would correspond to average electron density of n e = (4.1 ± 0.3) × 10 20 cm −3 assuming the width of the region w = 2 μm. This density is approximately 4 times lower than the critical density at 800 nm. The same phase change can be used to estimate the refractive index change Δn (negative) for the corresponding φ = ω c Δndx. One would find Δn = −0.06 for the effective thickness of the phase changed region w = 2 μm.
The phase changes after the fast electronic response are more complicated for interpretation since there are several contributions from the thermal expansion driven component, cavitation -the void formation, and movement of the void-like structures along the optical axis. Since the void would cause the largest possible contrast of refractive index Δn = 0.5 the diameter, d v , of the void region for the phase change Δφ = +1π can be found from the phase delay, Δφ = 2π λ Δnd v ; one would find d v = 0.4 μm for imaging at λ pr = 400 nm and is close to the expected size of voids generated in glasses [27] . Figure 4 shows the axial cross sections of the phase at different time moments. The axial phase maps reveal movement of the denser phase (a negative phase φ ) along the propagation axis causing compression. Glass has a larger acoustic impedance at high temperature due to which the regions of positive phase change behaves as an acoustic waveguide. From the phase distributions on the optical axis at t = 100 and 400 ps (see, the front movement in Fig. 4) , the estimated speed of the phase-change movement was ∼ 3.5×10 3 m/s (an arrow marking in Fig. 4) , which is smaller than the sound speed of 5.4 × 10 3 m/s in glass at room conditions. As compression progresses in time (Fig. 4) , a pressure back reflection develops which is simultaneous with an onset of a lateral movement of the denser phase towards the optical axis was observed at times > 400 ps. This complex behavior cavitation, melt flow, compression, and solidification now can be seen at the limit of resolution of current setup and has to be further analyzed. It is driven by temperature, its gradient, surface tension, and phase liquid-solid transition [29] . The pressure converging onto and out from the optical axis can be seen on the phase and amplitude images. The wave closing onto the axis was responsible for the filling of the central cavity and formation of the denser phase after all relaxations. The two rarefied regions in front and at the end of the central denser regions are formed.
Electron -ion relaxation time
Estimation of the electron-lattice scattering time, τ e−i , can be obtained using classical Drude model for the free electron absorption cross section determined by the dielectric function
, ω p is the plasma cyclic frequency at critical plasma density n c , and i = √ −1. For this purpose we measured the relative intensities between the background and plasma regions: I b /I pl = 1/0.14, at the maximum absorption at t = 0.16 ps, for the E p = 300 nJ. The corresponding value of τ e−i directly follows from [2] :
and one would find τ e−i 1.1 fs for the D ≡ Δφ /2π = 0.6 which is the largest phase modification at the end of laser pulse ( Fig. 3 ) with approximate electron density n e ∼ 10 20 cm −3 . In silica, τ e−i 2 fs [2, 27] and it is weakly dependent on the electron density. In the critical plasma -under optical breakdown -it is usually assumed that the τ e−i 0.9 fs or in terms of frequency 1/τ e−i 10 15 s −1 [27] . The obtained value of τ e−i = 1.1 fs is consistent with typical values observed in different glasses [2, 27] and it is shorter than the optical period of 2.67 fs at 800 nm wavelength. Figure 5 summarizes the final refractive index modifications after all stages of relaxation end. The center of an on-axis region has an augmented refractive index, +Δn, and optically less dense regions are formed in front and behind of it along the pulse propagation. For the pulses energies exceeding approximately 300 nJ there is a distinct void presence. The voids were observed before at a comparable tight focusing, however, at smaller pulse energies/irradiance in sapphire and high purity silica [27, 30, 31] . The main difference from current experiments in glass is the presence of a weak self-focusing and axial smearing of the pulse energy as can be seen from Fig. 2 . Also, sapphire and silica have a high temperature of melt-solid transition which helped to freeze laser induced modifications more efficiently. This tendency was further revealed in more details in ref. [32] . Crown glass has a considerable concentration of glass modifiers as opposed to the pure Siand B-oxides which are the glass formers [32] with bond energies 4.60 and 3.86 eV, respectively. There is a strong melt reflow to the central part where initially the void is formed after typically 100 ps (see, Fig. 3 ). As re-solidification progresses a less viscous (higher temperature) melt is pushed out from the regions were solidifications starts (the regions located further away from the center). This finally results in formation of the lower density, rarefied and void regions upon solidification. Presence of self focusing did not distort modified volume beyond central region of ∼ 10 μm. The length and width of the denser phase, Δn, scales almost linearly with the pulse energy, E p , between 100 and 1000 nJ (Fig. 6 ). This is a welcome feature for the waveguide writing using tightly focused laser pulses. It is noteworthy, that during a stage of a molten phase and a presence of a free void surface, there is a possibility of strong restructuring via surface tension gradients [33] and can be beneficial for the glass doping via preferential incorporation of glass modifiers into the re-solidified irradiated region. This opens new strategies to prepare glass composition for self-doping or self-densification as discussed recently [15] .
End of relaxation

Conclusions
We have demonstrated interferometric side-view imaging of glass modification by single short (∼ 50 fs) fs-laser pulses with the highest spatial and temporal resolution to date. The breakdown, electronic and thermo-elastic modifications of the focal region in glass were tracked in time revealing detailed mechanisms and evolution of the structural modifications leading towards central void formation and melt reflow and freezing-in the final voids and densified regions adjacently along the pulse propagation. Densified glass regions can be used for waveguide formation which can be in situ monitored with high spatial and temporal resolution.
Using Drude approximation we measured the electron-ion relaxation time τ e−i 1.1 fs at strong excitation in glass. Further improvements of axial resolution by optical imaging are technically difficult due to geometrical constrains of two objective lenses working at 90 • angle to each other and at a short ∼ 100 μm working distance. The side-view imaging of fs-laser pulse induced phenomena from void formation to densification could be achieved with synchronized ultra-short X-ray pulses and would provide a necessary advancement in spatial and temporal resolution. Time-space characterization of the 3D laser structuring in different materials is key towards development of new materials, optimized exposure conditions [34] [35] [36] [37] [38] [39] , and revealing the fundamental mechanisms of light-matter interaction [40] [41] [42] [43] [44] [45] [46] .
